Magnetic fields in the early universe can significantly alter the thermal evolution and the ionization history during the dark ages. This is reflected in the 21 cm line of atomic hydrogen, which is coupled to the gas temperature through collisions at high redshifts, and through the Wouthuysen-Field effect at low redshifts. We present a semi-analytic model for star formation and the build-up of a Lyman α background in the presence of magnetic fields, and calculate the evolution of the mean 21 cm brightness temperature and its frequency gradient as a function of redshift. We further discuss the evolution of linear fluctuations in temperature and ionization in the presence of magnetic fields and calculate the effect on the 21 cm power spectrum. At high redshifts, the signal is increased compared to the non-magnetic case due to the additional heat input into the IGM from ambipolar diffusion and the decay of MHD turbulence. At lower redshifts, the formation of luminous objects and the build-up of a Lyman α background can be delayed by a redshift interval of 10 due to the strong increase of the filtering mass scale in the presence of magnetic fields. This tends to decrease the 21 cm signal compared to the zero-field case. In summary, we find that 21 cm observations may become a promising tool to constrain primordial magnetic fields.
Introduction
Observations of the 21 cm fine structure line of atomic hydrogen have the potential to become an important means of studying the universe at early times, during and even before the epoch of reionization. This possibility was suggested originally by Purcell & Field (1956) , and significant process in instrumentation and the development of radio telescopes has brought us close to the first observations from radio telescopes like LOFAR 1 . While one of the main purposes is to increase our understanding of cosmological reionization (de Bruyn et al. 2002) , a number of further exciting applications have been suggested in the mean time. Loeb & Zaldarriaga (2004) demonstrated how 21 cm measurements can probe the thermal evolution of the IGM at a much earlier time, at redshifts of z ∼ 200. suggested a method that separates physical and astrophysical effects and thus allows to probe the physics of the early universe. Furlanetto, Oh & Pierpaoli (2006) showed how the effect of dark matter annihilation and decay would be reflected in the 21 cm line, and effects of primordial magnetic fields have been considered by . Indeed, primordial magnetic fields can affect the early universe in various ways. The thermal evolution is significantly altered by ambipolar diffusion heating and decaying MHD turbulence (Sethi & Subramanian 2005; Sethi, Nath & Subramanian 2008; Schleicher, Banerjee & Klessen 2008) . Kim, Olindo & Rosn (1996) calculated the effect of the Lorentz force on structure formation and showed that additional power is present on small scales in the presence of primordial magnetic fields. It was thus suggested that reionization occurs earlier in the presence of primordial magnetic fields (Sethi & Subramanian 2005; . However, as pointed out by Gnedin (2000) , the characteristic mass scale of star forming halos, the so-called filtering mass, increases signficantly when the temperature is increased. For comoving field strengths of ∼ 1 nG, we found that the filtering mass scale is shifted to scales where the power spectrum is essentially independent of the magnetic field (Schleicher, Banerjee & Klessen 2008) . Reionization is thus delayed in the presence of primordial magnetic fields. We further found upper limits of the order 1 nG, based on the Thomson scattering optical depth measured by WMAP 5 (Komatsu et al. 2008; Nolta et al. 2008) and the requirement that reionization ends at z ∼ 6 (Becker et al. 2001) .
The presence of primordial magnetic fields can have interesting implications on first star formation as well. In the absence of magnetic fields, Abel, Bryan & Norman (2002) and Bromm & Larson (2004) suggested that the first stars should be very massive, perhaps with ∼ 100 solar masses. Clark, Glover & Klessen (2008) and Omukai, Schneider & H (2008) argued that in more massive and perhaps metal-enriched galaxies, fragmentation should be more effective and lead to the formation of rather low-mass stars, due to a stage of efficient cooling (Omukai, Schneider & Haiman 2008) . Magnetic fields may change this picture and reduce the stellar mass by triggering jets and outflows (Silk & Langer 2006) . However, simulations by (Machida et al. 2006) show that the change in mass is of the order 10%.
21 cm measurements can try to adress primordial magnetic fields in two ways: During the dark ages of the universe, at redshifts z ∼ 200 well before the formation of the first stars, the spin temperature of hydrogen is coupled to the gas temperature via collisional de-excitation by hydrogen atoms (Allison & Dalgarno 1969; Zygelman 2005 ) and free electrons (Smith 1966; Furlanetto & Furlanetto 2007) , constituting a probe at very early times. While collisional de-excitation becomes inefficient due to the expansion of the universe, the first stars will build up a Lyman α background that will cause a deviation of the spin temperature from the radiation temperature by the Wouthuysen-Field effect (Wouthuysen 1952; Field 1958) . As primordial magnetic fields may shift the onset of reionization, the onset of this coupling constitutes an important probe on the presence of such fields. We adress these possibilities in the following way: In §2, we review our treatment of the IGM in the presence of primordial magnetic fields. The evolution of the 21 cm background and the role of Lyman α photons is discussed in §3. The evolution of linear perturbations in temperature and ionization is calculated in 4. The results for the power spectrum are given in §5, and the results are further discussed in §6.
The evolution of the IGM
As indicated in the introduction, primordial magnetic fields can have a strong impact on the evolution of the IGM before reionization. Once the first luminous objects form, their feedback must also be taken into account. In this section, we review the basic ingredients of our treatment of the IGM between recombination and reionization. We refer the interested reader to Schleicher, Banerjee & Klessen (2008) for more details.
The RECFAST code
Our calculation is based on a modified version of the RECFAST code 2 (Seager, Sasselov & Scott 2000 , 1999 that calculates recombination and the freeze-out of electrons. The calculation of helium recombination was recently updated by Wong, Moss & Scott (2007) .
We have extended this code by including a model for reionization in the context of primordial magnetic fields Schleicher, Banerjee & Klessen (2008) . The equation for the temperature evolution is given as 
where the ionization fraction is determined by radiative recombination, photoionization of excited hydrogen atoms by CMB photons in an expanding universe and collisional ionization, as well as X-ray feedback. Here, n H is the number density of hydrogen atoms and ions, h p Planck's constant, f ion describes ionization from Xrays and UV photons (see §2.3), and the parametrized case B recombination coefficient for atomic hydrogen α H is given by
with a = 4.309, b = −0.6166, c = 0.6703, d = 0.5300 and t = T /10 4 K (Péquignot et al. 1991; Hummer & Storey 1987) . This coefficient takes into account that direct recombination into the ground state does not lead to a net increase of neutral hydrogen atoms, since the photon emitted in the recombination process can ionize other hydrogen atoms in the neighbourhood.
The fudge factor F = 1.14 serves to speed up recombination and is determined from comparison with the multilevel-code. The photoionization coefficient β H is calculated from detailed balance at high redshifts as described by Seager, Sasselov & Scott (2000 , 1999 . Once the ionized fraction drops below 98%, it is instead calculated from the photoionization cross section given by Sasaki & Takahara (1993) , as detailed balance may considerably overestimate the photoionization coefficient in case of additional energy input at low redshift. The wavelength λ H,2p corresponds to the Lyman-α transition from the 2p state to the 1s state of the hydrogen atom. The frequency for the two-photon transition between the states 2s and 1s is close to Lyman-α and is thus approximated by ν H,2s = c/λ H,2p (i.e., the same averaged wavelength is used). Finally, Λ H = 8.22458 s −1 is the two-photon rate for the transition 2s-1s according to Goldman (1989) and K H ≡ λ 3 H,2p /[8πH(z)] the cosmological redshifting of Lyman α photons. To take into account UV feedback, which can not be treated as a background but creates locally ionized bubbles, we further calculate the volume-filling factor Q HII of ionized hydrogen according to the prescriptions of (Shapiro & Giroux 1987; Haiman & Loeb 1997; Choudhury & Ferrara 2005; Schneider et al. 2006) .
We assume that the temperature in the ionized medium is the maximum between 10 4 K and the temperature in the overall neutral gas. The latter is only relevant if primordial magnetic fields have heated the medium to temperatures above 10 4 K before it was ionized.
Heating due to primordial magnetic fields
The presence of magnetic fields leads to two different contributions to the heating rate, one coming from ambipolar diffusion and one resulting from the decay of MHD turbulence. In the first case, the contribution can be calculated as (Sethi & Subramanian 2005; Cowling 1956; Schleicher, Banerjee & Klessen 2008) :
Here, ρ n , ρ i and ρ b are the mass densities of neutral hydrogen, ionized hydrogen and all baryons. The ion-neutral coupling coefficient is calculated using the updated zero drift velocity momentum transfer coefficients of Pinto & Galli (2008) for collisions of H + with H and He. The coherence length L is estimated as the inverse of the Alfvén damping wavelength k −1 max given by (Jedamzik, Katalinić & Olinto 1998; Subramanian & Barrow 1998; Seshadri & Subramanian 2001) as
which is the scale on which fluctuations in the magnetic field are damped out during recombination. The comoving magnetic field is denoted as
For decaying MHD turbulence, we adopt 5 the prescription of Sethi & Subramanian (2005) ,
where t is the cosmological time at redshift z, t d is the dynamical timescale, t i the time where decay starts, i. e. after the recombination epoch when velocity perturbations are no longer damped by the large radiative viscosity, z i is the corresponding redshift. For a power spectrum of the magnetic field with power-law index α, implying that the magnetic field scales with the wavevector k to the power 3 + α, the parameterα is given asα = 2(α + 3)/(α + 5) (Olesen 1997; Shiromizu 1998; Christensson, Hindmarsh & Brandenburg 2001; Banerjee & Jedamzik 2003) . In the generic case, we expect the power spectrum of the magnetic field to have a maximum at the scale of the coherence length, and the heat input by MHD decay should be determined from the positive slope corresponding to larger scales (Müller & Biskamp 2000; Christensson, Hindmarsh & Brandenburg 2001; Banerjee & Jedamzik 2003 . We thus adopt α = 3 for the calculation. We estimate the dynamical timescale as
is the Alvén velocity and ρ b the baryon mass density. The evolution of the magnetic field as a function of redshift can be determined from the magnetic field energy density E B = B 2 /8π, which evolves as (Sethi & Subramanian 2005) 
For the models given in Table 1 , the evolution of temperature and ionization in the overall neutral medium, i. e. the gas that was not yet affected by UV photons from reionization, is given in Fig. 1 . For comoving fields weaker than 0.02 nG, the gas temperature is closely coupled to the CMB via Compton-scattering at redshifts z > 200. At lower redshifts, this coupling becomes inefficient and the gas cools adiabatically during expansion, until heating due to X-ray feedback becomes important near redshift 20. The ionized fraction drops rapidly from fully ionized at z ∼ 1100 to ∼ 2 × 10 −4 , until it increases again at low redshift due to X-ray feedback. For larger magnetic fields, the additional heat input becomes significant and allows the gas to decouple earlier from the CMB. For comoving fields of order 0.5 nG or more, the gas reaches a temperature plateau near 10 4 K. At this temperature scale, collisional ionizations become important and the ionized fraction in the gas increases, such that ambipolar diffusion heating becomes inefficient. The onset of X-ray feedback is delayed to the higher filtering mass in the presence of magnetic fields, which is discussed in the next section.
The filtering mass scale and stellar feedback
The universe becomes reionized due to stellar feedback. We assume here that the star formation rate (SFR) is proportional to the change in the collapsed fraction f coll , i. e. the fraction of mass in halos more massive than m min . This fraction is given by the formalism of Press & Schechter (1974) . In Schleicher, Banerjee & Klessen (2008) , we have introduced the generalized filter-6 ing mass m F,B , given as
where a = 1/(1 + z) is the scale factor and M g is the maximum of the thermal Jeans mass M J and the magnetic Jeans mass M B J , the mass scale below which magnetic pressure gradients can counteract gravitational colapse (Sethi & Subramanian 2005; Subramanian & Barrow 1998) . The concept of the filtering mass, i. e. the halo mass for which the baryonic and dark matter evolution can decouple, goes back to Gnedin & Hui (1998) , see also Gnedin (2000) . To take into account the back reaction of the photo-heated gas on structure formation, the Jeans mass is calculated from the effective temperature T ef f = Q HII T max + (1 − Q HII )T , where T max = max(10 4 K, T ) (Schneider et al. 2006) . The evolution of the filtering mass for different magnetic field strengths is given in Fig. 2.1 .
When the comoving field is weaker than 0.03 nG, the filtering mass is of order 10 5 M ⊙ at high redshift and increases up to 10 7 M ⊙ during reionization, as UV and X-ray feedback heats the gas temperature and prevents the collapse of baryonic gas on small scales. Stronger magnetic fields provide additional heating via ambipolar diffusion and decaying MHD turbulence, such that the filtering mass is higher from the beginning. This implies that the first luminous objects form later, as the gas in halos below the filtering mass cannot collapse. This effect is even stronger when the comoving field is stronger than 0.3 nG, as the magnetic Jeans mass then dominates over the thermal Jeans mass and increases the filtering mass scale by further orders of magnitude. As discussed in Schleicher, Banerjee & Klessen (2008) , the feedback on structure formation via the filtering mass can delay reionization significantly, which in turn allows to calculate upper limits on the magnetic field strength due to the measured reionization optical depth.
Consequently, we define the lower limit to halo masses that can form stars as m min = max(M F,B , 10 5 M ⊙ ), where 10 5 M ⊙ is the minimal mass scale for which baryons can cool efficiently, as found in simulations of Greif et al. (2008) . We take into account X-ray feedback that can penetrate into the IGM due to its long mean-free path, as well as feedback from UV photons produced in the star forming regions. As we showed in Schleicher, Banerjee & Klessen (2008) , Population II stars can not reionize the universe efficiently. It is thus reasonable to assume that the first luminous sources were indeed massive Pop. III stars. While this may no longer be true once chemical and radiative feedback becomes efficient and leads to a different mode of star formation, such a transition seems not important for the main purpose of this work, which is to demonstrate how primordial magnetic fields shift the onset of reionization and the epoch where a Lyman α background builds up initially. We thus adopt model B of Schleicher, Banerjee & Klessen (2008) , which uses an escape fraction of 100% if the virial temperature is below 10 4 K, and 10% for the atomic cooling halos with higher virial temperature. It further assumes that 4 × 10 4 UV photons are emitted per stellar baryon during the lifetime of the star. This choice is in particular motivated by simula-tions of Whalen, Abel & Norman (2004) , that show that minihalos are easily photoevaporated by UV feedback from Pop. III stars, yielding escape fractions close to 100%. A new study by Wise & Cen (2008) shows that the escape fraction may be larger than 25% even for atomic cooling halos. However, their study assumes purely primordial gas, which is unlikely in such systems, and we expect that studies which take into account metal enrichment will find lower escape fractions, perhaps of the order 10% as suggested here.
The 21 cm background
The 21 cm brightness temperature depends on the hyperfinestructure level populations of neutral hydrogen, which is described by the spin temperature T spin . In this section, we review the physical processes that determine the spin temperature, discuss the build-up of a Lyman-α background that can couple the spin temperature to the gas temperature at low redshift, and discuss various sources of 21 cm brightness fluctuations.
The spin temperature
The observed 21 cm brightness temperature fluctuation can then be conveniently expressed as (Furlanetto, Oh & Briggs 2006) 
where δ is the fractional overdensity, x H = 1 − x eff the effective neutral fraction,
and Ω m the cosmological Fig. 3 .-CMB, gas and spin temperature in the gas unaffected by reionization, for a star formation efficiency f * = 10 −3 , in the zero field case (upper panel) and for a field strength of 0.8 nG (lower panel). In the absence of magnetic fields, gas and CMB are strongly coupled due to efficient Compton scattering of CMB photons. At about redshift 200, the gas temperature decouples and evolves adiabatically, until it is reheated due to X-ray feedback. The spin temperature follows the gas temperature until redshift ∼ 100. Collisional coupling then becomes less effective, but is replaced by the Wouthuysen-Field coupling at z ∼ 25. In the presence of magnetic fields, additional heat goes into the gas, it thus decouples earlier and its temperature rises above the CMB. Wouthuysen-Field coupling becomes effective only at z ∼ 15, as the high magnetic Jeans mass delays the formation of luminous sources significantly. 8 Fig. 4. -The mean evolution in the overall neutral gas, calculated for the models described in Table 1 . Top: The spin temperature. Middle: The mean brightness temperature fluctuation. Bottom: The frequency gradient of the mean brightness temperature fluctuation. density parameters for baryonic and total mass, and dv || /dr || the gradient of the proper velocity along the line of sight, including the Hubble expansion. The spin temperature T spin is given as.
where T c is the colour temperature, x c = x (2005), and we use the new rate of Furlanetto & Furlanetto (2007) for the collisional de-excitation rate through electrons, κ H 1−0 . When both the spin and gas temperature are significantly larger than the spin exchange temperature T se = 0.4 K, as it is usually the case, the colour temperature is given as
Spin and colour temperature thus depend on each other and need to be solved for simultaneously. The Wouthuysen-Field coupling coefficient is given as
where J c = 1.165×10 −10 (1+z)/20 cm −2 s −1 Hz −1 sr
and J α is the proper Lyman α photon in-tensity, given as
(see also . f rec is the recycling probability of Lyman n photons Hirata 2006) , H(z) the Hubble function at redshift z, c the speed of light, n max the highest considered Lyman n resonance, z max the highest redshift at which star formation might occur and ǫ(ν, z) the comoving emissivity. We adopt n max = 30 and z max = 40. The suppresion factor S α can be calculated as ( 
Examples for the evolution of the gas, spin and CMB temperature in the zero-field case and for a magnetic field of 0.8 nG are given in Fig. 3 .
The build-up of a Lyman-α background
In the dark ages, the universe is transparent to photons between the Lyman α line and the Lyman limit. Luminous sources can thus create a radiation background between these frequencies that is redshifted during the expansion of the universe. When a photon is shifted into a Lyman line, it is scattered and can couple the spin temperature to the gas temperature as described above. As shown by Hirata (2006) and , a population of Pop. III stars can already produce a significant amount of Lyman α radiation around redshift 25. We assume that emission is proportional to the star formation rate, which is assumed to be proportional to the change in the collapsed fraction f coll . It thus depends on the evolution of the generalized filtering mass in the presence of magnetic fields. As discussed in Furlanetto, Oh & Briggs (2006) and , the comoving emissivity is given as
where n b is the comoving baryonic number density and ǫ b (ν) the number of photons produces in the frequency interval ν ±dν/2 per baryon incorporated in stars. The emissivity is approximated as a power law ǫ b (ν) ∝ ν αs−1 , and the parameters must be chosen according to the model for the stellar population. As discussed above, we assume that the first stars are massive Pop. III stars, and adopt the model of with N α = 2670 photons per stellar baryon between the Lyman α and the Lyman β line and a spectral index α s = 1.29
In addition, secondary effects from Xray photons may lead to excitation of hydrogen atoms and the production of further Lyman α photons. We calculate the production of Lyman α photons from the X-ray background for consistency. The contribution from the X-rays is then given as (Chen & Miralda-Escudé 2006; Chuzhoy, Alvarez & Shapiro 2006; Furlanetto, Oh & Briggs 2006) ∆x
We adopt f X = 0.5, and calculate f X,coll from the fit-formulae of Shull & Steenberg (1985) . (Notation: Please recall that f coll denotes the fraction of collapsed dark matter, while f X,coll denotes the fraction of absorbed X-ray energy which goes into X-rays. The parameter f X provides an overall normalization for the correlation between the star formation rate and the X-ray luminosity (Koyama et al. 1995) .) For the models described in Table 1 , we have calculated the evolution of the spin temperature and the mean 21 cm brightness fluctuation. From an observational point of view, it might be more reasonable to focus on the frequency gradient of the mean 21 brightness . As the frequency dependence of the foreground is known, such an analysis may help to distinguish between the foreground and the actual signal. Results for the spin temperature, the mean 21 cm brightness fluctuation and its frequency gradient are shown in Fig. 4 . At redshifts above 200, the spin temperature is coupled closely to the gas temperature due to collisions with hydrogen atoms. At lower redshifts, the coupling becomes inefficient and the spin temperature evolves towards the CMB temperature, until structure formation sets in and the spin temperature is again coupled to the gas temperature via the WouthuysenField effect. The point where this happens depends on the magnetic field strength, which influences the filtering mass and thus the mass scale of halos in which stars can form. Especially in the presence of strong magnetic fields, this delay in structure formation also makes the production of Lyman α photons less efficient and the departure from the CMB temperature is only weak.
This bevahiour is reflected in the evolution of the mean brightness temperature fluctuation. For weak magnetic fields, the gas temperature is colder than the CMB because of adiabatic expansion, so the 21 cm signal appears in absorption. At redshift 40 where the spin temperature approaches the CMB temperature, a maximum appears as absorption goes towards zero. Comoving fields of 0.05 nG add only little heat and essentially bring the gas and spin temperatures closer to the CMB, making the mean brightness temperature fluctuation smaller. For stronger fields, the 21 cm signal finally appears in emission. Due to very effective coupling and strong temperature differences at redshifts beyond 200, a pronounced peak appears there in emission. At redshifts between 20 and 10 which are more accessible to the next 21 cm telescopes, magnetic fields generally reduce the expected mean fluctuation, essentially due to the delay in the build-up of a Lyman α background.
The evolution of the frequency gradient in the mean brightness temperature fluctuation essentially shows strong minima and maxima where the mean brightness temperature fluctuation changes most significantly. In the case of weak fields, this peak is near redshift 30 when coupling via the Wouthuysen-Field effect becomes efficient. For stronger fields, this peak is shifted towards lower redshifts, thus providing a clear indication regarding the delay of reionization.
Scattering of Lyman α photons in the IGM does not only couple the spin temperature to the gas temperature, but it is also a potential source of heat. Its effect on the mean temperature evolution has been studied by a number of authors (Madau, Meiksin & Rees 1997; Chen & Miralda-Escudé 2006; Chen&Miralda-Escudé 2004; Ciardi, Bianchi & Ferrara 2002) . While a detailed treatment requires to separately follow the mean temperature of hydrogen and deuterium, a good estimate can be obtained using the approach of Furlanetto, Oh & Briggs (2006) ; Furlanetto & Pritachard (2006) 
For star formation efficiencies of the order 0.1%, as they are adopted throughout most of this work, Lyman α heating leads to a negligible temperature change of the order 1 K.
21 cm fluctuations
Fluctuations in the 21 cm brightness temperature can be caused by the relative density fluctuations δ, relative temperature fluctuations δ T and relative fluctuations in the neutral fraction δ H . Fluctuations in the Lyman α background can be an additional source of 21 cm fluctuations ), but a detailed treatment of these fluctuations is beyond the scope of this work. These fluctuations are only important in the early stage of the build-up of such a background. Once x α is significantly larger than unity, Table 1 : A list of models for different comoving magnetic fields and star formation efficiencies, which are used in several figures for illustrational purposes. We give the comoving magnetic field B 0 and the star formation efficiency f * . For illustration purposes, all models assume a population of massive Pop. III stars. The amount of Lyman α photons produced per stellar baryon would be larger by roughly a factor of 2 if we were to assume Pop. II stars. Assuming that the same amount of mass goes into stars, the coupling via the Wouthuysen-Field effect would start slightly earlier, but the delay due to magnetic fields is still more significant. the spin temperature is coupled closely to the gas temperature, and small fluctuations in the background will not affect the coupling. We adopt the treatment of Loeb & Zaldarriaga (2004) to calculate the fractional 21 cm brightness temperature perturbation, given as
where µ is the cosine of the angle between the wavevector k and the line of sight, with the expansion coefficients Furlanetto, Oh & Briggs 2006 )
The coefficient x tot is given as the sum of the collisional coupling coefficient x c and the Wouthuysen-Field coupling coefficient x α .
The evolution of linear perturbations in the dark ages
To determine the fluctuations in the 21 cm line, we need to calculate the evolution of linear perturbations during the dark ages. We introduce the relative perturbation of the magnetic field, δ B , and the relative perturbation to the ionized fraction, δ i , which is related to the relative perturbation in the neutral fraction, δ H , by δ i = −δ H (1 − x i )/x i . In the general case, different density modes trigger independent temperature and ionization fluctuations. This introduces a non-trivial scale dependence Naoz & Barkana 2005) . However, on the large scales which might ultimately be observeable, the growing density mode dominates (Bharadwaj & Ali 2004) . The temperature and ionization fluctuations δ T and δ i are thus related to the density fluctuations δ by δ T = g T (z)δ and δ i = g i (z)δ with redshift-dependent coupling factors g i (z) and g T (z). The time evolution of g T and g i is well-known in the absence of magnetic fields (Naoz & Barkana 2005; Bharadwaj & Ali 2004) and has also been studied for the case of dark matter annihilation and decay (Furlanetto, Oh & Pierpaoli 2006) . We further introduce the relative fluctuation in the magnetic field, δ B = g B δ.
To extend the previous analysis to the situation considered here, we must consider the effect of the new terms due to ambipolar diffusion heating and decaying MHD turbulence in eq. (1). As it has a complicated dependence on different quantities, we will keep this discussion rather generic, so that it can also be applied to other situations as well.
Let us consider a source term of the form
Here, f (ρ, T, x i , B) corresponds to the term describing ambipolar diffusion heating and decaying MHD turbulence in Eq.
(1). When the quantities ρ, T , x i and B are perturbed, it is straightforward to show that this introduces further terms for the evolution of the temperature perturbation, which are of the form
These new terms describe the change in the relative temperature fluctuation, depending on the additional source term f (ρ, T, x i , B) and its derivatives with respect to gas density, temperature, ionized fraction and magnetic field. The behaviour is dominated by the properties of the ambipolar diffusion heating term. The time evolution of the coupling factors g T and g i is thus given as
The first term in Eq. (25) describes the evolution towards an adiabatic state in the absence of heating or cooling mechanisms. The second term describes the interaction with the CMB via Compton scattering, which in general drives the gas towards an isothermal state, as the heat input per baryon is constant. The further terms are those derived in Eq. (24). In Eq. (26), the first term holds the relative fluctuation δ i constant in the absence of recombinations, while the second term describes the effect of hydrogen recombination, which tends to drive the corresponding coupling factor g i towards −1. Fluctuations in density and ionization are then anticorrelated.
This system must be closed with an additional assumption for the fluctuation in the magnetic field. The dominant mechanism for energy loss is ambipolar diffusion, which scales with ρ −2 b . It seems thus unlikely that the magnetic field will be dissipated in regions of enhanced density. We rather assume that the magnetic flux is approximately conserved. In the case of dynamically weak field strength, the corresponding surface scales as ρ −2/3 , so the magnetic field scales as ρ 2/3 , thus g B ∼ 2/3. Ambipolar diffusion, the dominant new heating term, scales as ρ −2 . To relate the change in energy to the change in temperature, it is further multiplied by 3/(2nk B ), such that in this case f ∝ ρ −3 . This behavior is not fully compensated by the other terms, thus heating is less effective in overdense regions, and g T tends to drop below the adiabatic value of 2/3. For the models given in Table 1 , the evolution of g T and g i is given in Fig. 5 .
In the zero or weak magnetic field case, the coupling factor g T evolves from zero (efficient coupling to the CMB) towards 2/3 (adiabatic), until X-ray feedback sets in. For comoving fields larger than 0.05 nG, there is an early phase around z ∼ 500 where it evolves towards adiabatic behaviour, as the gas recombines more efficiently in these early times and higher densities, where the factor g i is still of order −1. Thus, ambipolar diffusion in density enhancements is more efficient and effectively heats the gas at these redshifts. Below redshift 500, the relative fluctuation in ionization evolves towards zero, as the gas becomes thinner and hotter. That leads to a phase in which the relative temperature fluctuations evolves towards an isothermal state (g T = 0). At low redshifts, X-ray feedback leads to a decrease of the coupling factor g T . Its behaviour is no longer adiabatic because of this ad-ditional heat input. The increase in the mean ionized fraction due to secondary ionizations leads to a more negative g i .
The 21 cm power spectrum
We can now calculate the 21 cm power spectrum in the presence of primordial magnetic fields from eq. (19), leading to
where P δδ (k) is the baryonic power spectrum and
For simplicity, we average over the µ dependence and define P δδ = P 0 /(1 + z) 2 , such that
(29) On the large scales considered here, the power spectrum of the 21 cm line is proportional to the baryonic power spectrum P 0 (k) for a given redshift, but the proportionality constant will evolve with redshift and is independent of the wavenumber in the linear approximation. The ratio P 21 /P 0 is shown in Fig. 5 . It essentially reflects the behaviour that was found earlier for the mean brightness temperature fluctuation. At high redshift, the amplitude of the 21 cm power spectrum is larger in the presence of additional heat from ambipolar diffusion and decaying MHD turbulence. At low redshifts, it is smaller in the presence of magnetic fields, as the high filtering mass delays the build-up of a Lyman α background and leads only to a weak coupling of the spin temperature to the gas temperature. In addition, the Table 1 . Top: The evolution of the 21 cm power spectrum, normalized with respect to the baryonic power spectrum at redshift 0. Middle: The evolution of the ratio g T = δ T /δ. Bottom: The evolution of the ratio g i = δ x i /δ. point where this coupling starts is shifted towards lower redshifts. This provides two signatures that can provide strong indications for the presence of primordial magnetic fields.
At high redshifts z > 50, the additional heat increases the difference between gas and radiation temperature, and the gas decouples earlier from radiation. All that tends to increase the 21 cm signal at high redshift. For redshifts z < 40, the situation is more complicated. The altered evolution of the fluctuations and the delay in the formation of luminous objects decrease the amplitude of the power spectrum in total, but also the onset of efficient coupling via the Wouthuysen-Field effect can be shifted significantly.
In this context, one might wonder whether 21 cm observations can actually probe additional small-scale power, which is predicted in the context of primordial magnetic fields (Kim, Olindo & Rosner 1996; Sethi & Subramanian 2005; . However, as discussed for instance by Furlanetto, Oh & Pierpaoli (2006) , the first 21 cm telescopes will focus on rather larger scales of the order 1 Mpc. The contribution to the power spectrum from primordial magnetic fields depends on the assumed power spectrum for the magnetic field. Regarding the formation of additional structures, the most significant case is a single-scale power spectrum. In this case, the contribution to the matter power spectrum can be evaluated analytically, yielding (Kim, Olindo & Rosner 1996; Sethi & Subramanian 2005) P (k) = B 
for k ≤ 2k max , where k max is given in Eq. 5. For interesting field strengths of the order of 1 nG, we thus expect modifications on scales of the order 1 kpc. For weaker fields, k −1 max is shifted to larger scales, but the power spectrum decreases with B 4 0 . Detecting such changes in the matter power spectrum is thus certainly challenging. However, the calculation of the filtering mass indicates that the baryonic gas will not collapse in minihalos of small masses when primordial fields are present. Star formation and HII regions from UV feedback are thus limited to more massive systems. This might be an additional way to distinguish the case with and without magnetic fields.
Discussion and outlook
In the previous sections, we have presented a semi-analytic model describing the post-reionization universe and reionization in the context of primordial magnetic fields, and calculated the consequences for the mean 21 cm brightness fluctuation and the large-scale power spectrum.
formation of We identify two regimes in which primordial magnetic fields can influence effects measured with 21 cm telescopes. At low redshifts, primordial magnetic fields tend to delay reionization and the build-up of a Lyman α background, thus shifting the point where the signal is at its maximum, and changing the amplitude of the 21 cm power spectrum. The first 21 cm telescopes like LOFAR and others will focus mainly on the redshift of reionization and can thus probe the epoch when a significant Lyman α background builds up. As our understanding of the first stars increases due to advances in theoretical modeling or due to better ob2008), which may provide a further test of the thermal evolution during the dark ages.
